ABSTRACT One of the main research questions in the field of wave energy technologies concerns the development of an efficient control strategy that can enhance the economic competitiveness of these technologies. Numerous control strategies have been proposed in the past three decades of which only a few are deemed practical. This paper proposes a novel online damping control strategy that is based on the development of an explicit relation for controlling the damping force of a permanent magnet linear generator (PMLG) in real time. The strategy controls the duty cycle of a single-switch three-phase boost rectifier connected at the output terminals of the PMLG. Simulations were conducted to assess the performance of the wave energy converter after applying the proposed strategy under different operating conditions. The results showed satisfactory performances for different sea-state and electrical-loading conditions. INDEX TERMS Bridge boost rectifier, damping control strategy, permanent magnet linear generator, power take-off, wave energy converter.
I. INTRODUCTION
Recently, energy source diversification has been gaining importance in the national development plans, worldwide. It mainly involves increasing the renewable energy share in the national electricity grids. Efforts to improve diversification are bolstered by the instability of the fossil-fuel energy market. Among the renewable energy resources, the most promising ones are marine energy, in general, and wave energy, in particular. With an estimated global resource of approximately 2 TW, wave energy has the potential to compete with the other more established renewable energy sources such as solar power or wind power [1] .
Wave energy converters (WECs) are devices used to convert the energy contained in sea waves to usable electrical energy. They vary in their operation principle, size, and installation location. One of the most popular typologies of WECs is the heaving direct-drive typology. These WECs are called heaving WECs or point absorbers [2] . In these devices, the heave motion induced by the incoming sea waves is utilized to directly move a linear generator, which in turn produces electricity. One of the challenges that has prevented the wide-scale commercialization of heaving WECs is their low power-to-cost ratio [3] . This is mainly due to the intermittency, irregularity, and low-speed nature of sea waves, which necessitates the deployment of large power-take-off (PTO) systems and efficient control strategies.
Numerous wave-energy control strategies have been proposed since the 70s. Falnes and Budal were pioneers who laid down the fundamentals of the wave energy control problem [4] . Many of the proposed real and reactive control strategies were built on the principle of hydrodynamic impedance matching [5] , and many researchers formulated the WEC control problem as a classical servo-control problem, using the tools provided in control theory, such as linear compensators and predictive controllers [6] - [11] . These techniques could be criticized as being impractical because of their strong dependence on accurate mathematical models and requirement of large actuators. Other research endeavours focused on designing and testing passive resonance circuits, where online control was not implemented [12] , [13] . The purpose of the resonance circuit was to resonate the load, using a linear generator, leading to higher power absorption. Although cost-effective and simple, these circuits lacked the ability to adapt and respond to real-time variations in the system dynamics. A maximum power point tracking (MPPT) strategy based on a perturb-and-observe algorithm was also reported in [14] . Similarly, in [15] and [16] , MPPT methods based on the WEC hydrodynamic impedance-matching principle were also proposed.
In this paper, an online damping control strategy is proposed for controlling heaving WECs. The proposed strategy is based on applying the principle of the DC maximum power transfer theorem at the electrical side of the WEC, usually referred to as the PTO system, which consists of a three-phase permanent magnet linear generator (PMLG) and an accompanying three-phase boost rectifier. The equivalent circuit of the PTO system comprising passive circuit elements is derived, and then, the maximum power transfer theorem is employed to derive an online control command. By controlling the duty cycle of the switching signal fed to the boost rectifier, the electrical and mechanical dynamics of the WEC can be controlled. Deducing the damping control strategy from the PTO side, which includes loading variations, instead of from the hydrodynamic side, has been proved to be more effective and practical. The proposed strategy is simple and computationally inexpensive, since no optimization or closed loop control is required. An additional advantage of the proposed strategy is that it does not rely on mathematical models that can degrade the performance of the controller, given the irregularities present in the sea environment. Moreover, it takes into account the variations that occur in both the sea environment and the electrical loading conditions of the WEC. Because the control is implemented on the DC side of the boost rectifier by controlling its single switch, real (damping) control alone is feasible; that is, the PMLG damping force can be controlled. This is instrumental for small-scale WECs, in which relatively small PTO systems are deployed, as it significantly reduces the systems initial cost.
The remainder of this paper is organized as follows. The WEC model is described in Section II. The proposed control strategy is elaborated in Section III. The simulation results and discussions are presented in Section IV, and the conclusions are presented in Section V.
II. SYSTEM DESCRIPTION A. WAVE ENERGY CONVERTER CONFIGURATION
The design of the WEC used in this study is based on the topology used at the Uppsala University [17] . The system consists of a buoy and a PTO mechanism, which in turn comprises a PMLG and a power converter. The buoy is restricted to vertical oscillations, and therefore, the oscillatory part of the system has only a single degree of freedom of motion, which is, the heave motion. Fig. 1 illustrates the WEC configuration. The heaving buoy is directly coupled with the translator of the PMLG through a tether. As the wave excites the buoy, a set of three-phase voltages is induced in the windings of the PMLG stator. The buoys vertical displacement is mechanically constrained by stiff springs located at the top end of the PMLG housing. Similarly, restoring springs are used to forcefully return the translator to its equilibrium position during wave troughs.
B. WAVE ENERGY CONVERTER EQUATION OF MOTION
The forces acting on the buoy can be broadly grouped into hydrodynamic forces that result from the buoy-water interaction and mechanical (non-hydrodynamic) forces, which are those forces exerted on the buoy by other components of the system, such as the electro-mechanical force wielded by the PMLG or the spring forces produced by the restoring and end-stop springs. By applying Newton's second law to the WEC's buoy, we obtain
where f ex (t) is the wave excitation force, f r (t) is the radiation force, f b (t) is the buoyancy force, f rs (t) is the restoring force, f d (t) is the drag force, f es (t) is the end-stop force, f f (t) is the friction force, and f c (t) is the control force produced by the PTO mechanism. Assuming that the tether is well stretched, the mass m represents the combined mass of the moving parts of the system, namely, the buoy and the PMLG translator. For a given buoy geometry, the wave excitation and radiation forces are dependent on the amplitude and frequency of the incoming sea waves. By solving the excitation and radiation problems in the frequency domain, by using commercially available numerical tools (e.g., WAMIT), both forces can be approximated using a linear model of a finite order [18] . The excitation force f ex (t) is estimated using the following linear time-invariant model.
where w ex (t) is the excitation state vector; the wave height δ(t) is the input and the excitation force f ex (t) is the model VOLUME 5, 2017 output. A ex , B ex , and C ex are the excitation state, input, and output matrices, respectively. Similarly, the radiation force f r (t) can be approximated bẏ
where w r (t) is the radiation state vector; the buoy velocityż(t) is the input and the radiation force f r (t) is the model output. The product m ∞z (t) represents the inertia due to the hydrodynamic added mass at infinite frequency, m ∞ . The matrices A r , B r , and C r are the radiation state, input, and output matrices, respectively. The buoyancy force f b (t) is modelled as a spring force,
The spring stiffness coefficient is given by S b = ρgA w , where ρ, g, and A w are the sea-water density, the gravitational acceleration, and the buoys submerged surface area, respectively. The restoring force is also modelled as a spring force f rs (t) = S rs z(t), where S rs is the spring stiffness coefficient. The drag force f d (t) has a drag damping effect and is modelled as
In an attempt to model the static friction that negatively influences the motion of the PMLG translator, a simplified friction model is included. The friction force f f (t) is modelled as a non-linear force, as a function of the translator velocity:
where the coefficients b c , b v , and b s are the Coulomb, viscous, and stiction coefficients, respectively. The end-stop force is the force exerted by the end-stop springs on the translator when the buoy reaches its allowable stroke; it is modelled as a non-linear dead-zone effect, that is,
where H represents the Heaviside function, S es is the end-stop spring coefficient, and z * is the PMLG stroke. Usually, S es is scaled to be stiff in an attempt to prevent the translator from bouncing back powerfully when it reaches the maximum range. The system dynamics can be combined into one nonlinear state-space form aṡ
where F ∈ R n×1 is an nth order vector of non-linear functions and ξ ∈ R n×1 is the nth order state vector. The model accepts two inputs: the wave height δ(t) and the PTO control force f c (t). The state vector ξ (t) includes the states z(t), z(t), w r (t), and w ex (t). The system output y(t) is tailored to output z(t) andż(t). The overall time-domain model can be written aṡ
C. POWER TAKE-OFF SYSTEM MODEL As mentioned previously, the PTO system consists of a PMLG cascaded with a power converter. The net flux φ(t) passing through the PMLG coils, as they travel vertically back and forth, can be expressed as
whereφ is the maximum flux and θ is the angular displacement, which is expressed in terms of the translator linear displacement as θ = π z(t)/τ , where τ is the magnet pole width [19] . From Faradays law, the machine-induced electromotive force (EMF) can be expressed as
where N is the coilâĂŹs number of turns per phase. By differentiating Eq. 11 and substituting it in Eq. 12, we obtain
Therefore, the machine three-phase EMF voltages can be expressed in the abc frame of reference as in [20] and [21] e a (t) = − N πφ τż (t) cos θ (t) ,
The three-phase PMLG stator currents i s (t)
Here, e(t)
T is the machine three-phase stator current. The PMLG stator impedance Z s (t) consists of R s + jω e (t)L s , where R s and L s are the stator resistance and inductance, respectively. The electrical angular velocity ω e (t) is determined by differentiating the machine angular displacement θ(t); that is, ω e = πż(t)/τ . The PMLG electromechanical force f c (t) is directly proportional to the quadrature component of the stator current, i sq (t):
7684 VOLUME 5, 2017 FIGURE 2. Three-phase circuit model of wave energy converter power take-off system.
where λ pm is the total flux produced by the permanent magnets. The q-axis component of the stator current can be calculated by performing Park's transformation on the threephase stator current i s (t). It is obvious that, by controlling i sq (t), the force applied by the machine on the buoy can be adjusted, and therefore, the buoy dynamics are also altered. In practice, i sq (t) can be controlled by the power converter module in which, by controlling the switches of the converter, the machine terminal voltage v s (t) can be adjusted; hence, i sq (t) is changed. The PMLG is coupled with a three-phase diode bridge rectifier, as shown in Fig. 2 . The phase-to-ground machine terminal voltages at the input of the passive bridge rectifier can be represented as
Note that v dc (t) = V d + v dc (t)/2, where v dc (t) is the voltage across the DC-link capacitor C dc at the DC side of the bridge rectifier (shown in Fig. 2 ). The voltage V d is the voltage drop across the active diodes of the rectifier. The function is expressed as
The bridge rectifier is cascaded with a DC-DC boost converter, which consists of an inductor L c , a diode D c , and a switch Q (e.g., MOSFET or IGBT). The boost converter is capable of boosting the input voltage v dc (t) by a factor dependent on the switching signal duty cycle d(t): [22] , [23] 
where v o (t) is the load voltage. Thus, the input inductor current i L (t) can be expressed as
where R dc (t) is the input resistance of the boost converter, which in turn can be written as
where R L is the load resistance. By controlling the duty cycle d(t) of the gating signal S w , the boost converter input resistance can be controlled, and hence, the stator current can be regulated. The shunt capacitor C f at the output of the boost converter is utilized for filtering purposes. In practice, R L can be replaced with a three-phase voltage source converter (VSC) to connect the system to the electrical grid.
III. WAVE ENERGY CONVERTER CONTROL STRATEGY A. CONTROL OBJECTIVES
The investigated control strategy is categorized as a damping strategy, since no reactive control component is involved. Practically, the WEC power absorption spectrum is centred at the device natural (resonance) angular frequency ω o , which usually does not coincide with the available wave resource spectrum, as shown in Fig. 3 . By varying the damping force, the wave energy absorber damping factor d f can be varied, resulting in variations in the absorption bandwidth. The absorber damping factor d f is defined as the ratio of the damping coefficient δ and the natural angular frequency ω o . The greater the d f is, the wider the absorption bandwidth becomes, as depicted in Fig. 3 .
To investigate the influence of the wave environment and electrical load variations on d f , simulations were performed using the WEC system configuration shown in Fig. 2 , excluding the boost converter (i.e., no control is involved). As shown in Fig. 4(a) , d f increases as the load increases (smaller load resistance). Whereas, as the wave period increases, d f decreases. The corresponding damping force is inversely proportional to both the load resistance and wave period, as shown in Fig. 4(b) .
Theoretically, setting d f to unity will result in producing an optimum damping force, which in turn will increase the absorbed mechanical power of the WEC. However, for the PTO system (i.e., the electrical side), this may not be preferable because a greater d f will require a larger current in the PMLG stator, resulting in intolerable machine copper losses.
A control strategy that is capable of varying the PMLG damping force f c (t) in real time is thus required. The irregularities present in the sea, manifested in the form of irregular wave heights and frequencies, are also reflected in the electrical side of the system, which complicates the control procedure. Moreover, the control strategy should minimize the losses in the PTO system, without deteriorating the absorber mechanical performance greatly. In the following parts, an explicit online control strategy for controlling the PMLG damping force by regulating the duty cycle of the single switch in the boost rectifier will be described.
B. PROPOSED DAMPING CONTROL STRATEGY
The proposed control strategy is based on the principle of the maximum power transfer theorem, which states that maximum power transfer can be achieved by setting the load impedance as a complex conjugate of the source impedance. Since only real control is implemented, that is, as there is no phase shift between the machine stator voltage v s (t) and the stator current i s (t), only the load resistance has to be matched with the source resistance. Assuming that all voltage and current signals in the system are represented well by their fundamental components, the three-phase bridge diode rectifier can be modelled as a resistance R b in series with the PMLG internal impedance, as shown in Fig. 5(a) [24] . Therefore, R b is defined as
Rewriting Eq. 13, the per-phase EMF voltage e(t) can be expressed as
whereÊ(t) is the amplitude of the EMF voltage and φ e is the phase angle of the EMF voltage. The instantaneous stator voltage and current can be represented as
whereV s (t) andÎ s (t) are the amplitudes of the stator voltage and current, respectively, and φ v s and φ i s are the phase angles of the stator voltage and current, respectively. From the model shown in Fig. 5(a) , i s (t) can be expressed as
7686 VOLUME 5, 2017 Substituting Eq. 26 into Eq. 22, we obtain
Assuming φ e ≈ φ v s and solving for R b , we obtain
The EMF voltage amplitudeÊ is dependent on the PMLG translator heave velocityż(t); therefore,Ê varies in accordance with time.Ê can be considered to be the upper envelope of e(t) and can be approximated aŝ
where u( * ) represents the unit step function. The switching function in Eq. 29 operates as follows.Ê is equal to π Nφ |ż(t)|/τ only if (Ê −V s ) > 0; otherwise, the second term is activated andÊ = αV s . Note that the second term is added to avoid an unnecessary significant dip in the EMF voltage envelope. This can be achieved by making the constant α > 1, based on the fact thatÊ >V s always holds. The fundamental component of the stator voltage envelope,V s , is given bŷ
(30) Figure 6 shows the waveforms ofÊ andV s together with e(t) and v s (t). The DC-side circuitry, which consists of the boost converter and the load, can be seen as a controllable variable resistance R dc , as shown in Fig. 5(b) . The value of R dc can be varied by manipulating the duty cycle d(t) of the switching signal S w , as described in Eq. 21. Referring back to the maximum power transfer theorem, maximum power can be transferred if the load resistance matches the line resistance; that is,
Deploying Eq. 21 and solving for d(t), we obtain 
IV. RESULTS AND DISCUSSIONS A. SIMULATION SETUP
The parameters of the simulated WEC system are shown in Table 1 . The irregular sea states were generated using a JONSWAP spectrum, given the significant height of the wave, H s , and peak period T p . The performance of the WEC was assessed by recording the instantaneous power absorbed by the load (i.e., the output power) P o (t) and the wave-towire conversion efficiency η, computed as
E o,k is the energy consumed by the load resistance R L at the sampling instant k, and is computed as
where T s is the simulation sampling time. Similarly, E w,k is the energy content of the incoming wave, which is computed as E w,k = E w,k−1 + T s P w,k , where P w,k is the average wave power at time instant k. For an irregular sea state, P w,k is calculated as
Therefore, P w,k is constant for a given buoy geometry and sea-state characteristic. The performance of the system under the proposed damping strategy was assessed under various sea-state and loading VOLUME 5, 2017 conditions. The damping strategy was compared with the hydrodynamic resistive loading (RL) control strategy. The reason for the comparison was that, while both strategies represented real (i.e., no reactive) control, the main distinction was that the RL was derived by applying the DC maximum power transfer theorem to the mechanical side of the WEC (i.e., wave-buoy interaction), whereas the proposed damping strategy was based on the PTO electrical model. RL is a simple and low-cost control strategy, whereas the PTO control force f c (t) is synthesized to be linearly proportional to the measured buoy/translator speed by a hydrodynamic frequency-dependent damping coefficient:
where ω p is the wave peak angular frequency and R in (ω p ) and M in (ω p ) are the system's hydrodynamic intrinsic damping and mass, respectively. Both R in (ω p ) and M in (ω p ) can be approximated very accurately using numerical hydrodynamic tools (e.g., WAMIT). For further details on the RL strategy, refer [4, 14] .
B. SIMULATION RESULTS
An irregular sea state of H s = 2 m and T p = 8 s was applied, and the system dynamics were recorded under the influence of the proposed damping strategy for a duration of 240 s. Fig. 7(a) shows the mechanical dynamics of the WEC's buoy, namely, the wave elevation δ(t), buoy displacement z(t), and buoy velocityż(t). Note that the buoy displacement is within the system's stroke limitation. Further, the fact that the buoy excursions are comparable to the wave elevation indicates that a damping control is being used, i.e., there is no reactive component. This is also evident from the magnitude of the control force f c (t), compared with the excitation force f ex (t), as depicted in Fig. 7(b) . Meanwhile, Fig. 8 describes the electrical dynamics in the system's PTO. Fig. 8(a) shows the PMLG phase EMF voltage e a (t), the stator terminal voltage v sa (t), the dc-link voltage v dc (t), and the load voltage v o (t). It can be noted that the frequency and amplitude of e a (t) increase beyond t = 140 s, as a result of the increase in the translator displacement and velocity, respectively. Both e a (t) and v sa (t) are in phase because of the low machine reactance and the absence of a reactive control component in the boost rectifier used. The output voltage v o (t) is proportional to v dc (t) by a factor of 1/(1 − d(t)). Figure 8 (b) depicts the PMLG stator current together with the DC side currents, namely, i L (t) and i o (t). Note that, since the internal reactance of the PMLG is low, the machine has a nearly unity power factor; that is, the phase shift between i sa (t) and v sa (t) is approximately equal to zero. In contrast to the input and output voltages of the boost converter, i o (t) is proportional to i L by a factor of (1 − d(t)). Figure 8 (c) shows the instantaneous absorbed mechanical power P m (t), which is calculated as the product of f c (t) andż(t), the instantaneous power produced by the PMLG, P e (t), and the power consumed by the load, P o (t). It is clear that the largest power is produced when the buoy's velocity is the highest (i.e., approximately 1 m/s). The time-averaged power consumed by the load,P o , over the entire simulation duration (i.e., 240 s) is approximately 16 kW. body. Next, an irregular sea profile with various wave heights and peak periods was applied. The wave profile consisted of four successive irregular sea states, each having its own H s and T p . The system under the proposed damping strategy outperformed the cases where fixed duty cycle values (i.e., d(t) = 0, 0.5, and 0.9) were assigned. This is evident in Fig. 9(b) , which presents the power consumed by the load, P o (t). It is clear that the lowest output energy yield is recorded when d(t) = 0, as shown in Fig. 9(c) , which in practice means that the boost converter IGBT switch is off, leaving out only the diode bridge rectifier to feed the load. Alternatively, when d(t) was set to 0.9, severe power oscillations were observed. This is because a very high d(t) results in a very low boost converter input resistance R dc , which forces the dc-link capacitor to discharge more rapidly, preventing meaningful build-up of the voltage across it. A reduction of approximately 13% was recorded in the output energy, for the case where d(t) was set to 0.5, as compared to the damping strategy. Figure 9 (d) depicts the conversion efficiency η(t). It can be noted that η(t) is the highest for the damping strategy at approximately 20%. It is noteworthy that, since η(t) is calculated based on energy rather than power, the first minute (i.e., before t = 70 s) of the simulation gives an inaccurately high η(t), which re-corrects itself as both the energy contained in the wave and the energy consumed by the load accumulate. The adaptability of the proposed strategy towards load variations, i.e., an increase or decrease in R L , is demonstrated in Fig. 10 . The load resistance is reduced from the nominal value, i.e., R L = 100 ohm, to 50 ohm and 20 ohm. A plot of the resultant energy consumed by the load, together with the commanded duty cycle, is shown in Fig. 10 . It is clear that, as R L is decreased (the load is increased), the energy generated by the WEC decreases. At R L = 20 ohm, the total accumulated energy drops by nearly 38%, while less degradation is observed for R L = 80 ohm. The reason behind this observation is that, as R L is decreased, more current is drawn from the machine, resulting in larger damping forces, which reduces the translator velocity and hence, the WEC energy absorption. This is illustrated in Fig. 11 , where the stator current and buoy velocity are plotted for a 10 s time span. The proposed strategy was compared with the RL strategy using two different irregular sea states, one with H s = 2 m and T p = 8 s and the second with H s = 2 m and T p = 12 s. Figure 12(a) shows the output power under the proposed damping and RL strategies for the first sea state. The damping strategy succeeded in feeding the load with approximately three times more power than the RL strategy. The conversion efficiency under the RL strategy did not exceed 10%, whereas it reached approximately 20% under the proposed damping strategy, as shown in Fig. 12(b) . The WEC output power under the RL strategy suffered severe degradation, when compared to the proposed strategy, when a long-period wave was applied, as shown in Fig. 12(c,d) .
V. CONCLUSION
In this study, an online damping strategy for controlling heaving WECs was developed. The strategy determined a suitable value for the switching signal duty cycle of a boost rectifier, in real time. The method was sensitive to variations in both the mechanical (i.e., hydrodynamic) and the electrical sides of the WEC. In addition to being computationally inexpensive, the implementation of the method was simple; only few signals had to be measured and no numerical estimation/forecasting was required. The proposed strategy achieved promising results under various WEC operating conditions. Further investigations are needed to validate the damping strategy, including experimental tests, which will be conducted in the near future. 
